Ultrafast and nonlinear spectroscopy of brilliant green-based nanoGUMBOS with enhanced near-infrared emission
INTRODUCTION
Investigations into a group of uniform materials based on organic salts (GUMBOS), which are composed of frozen ionic liquids and related organic salts with melting points ranging from 25 to 250°C, provide potential applications in sensing, labeling, and optoelectronics due to exceptional tunability of their chemical and optical properties. 1 Colloidal nanoparticles prepared from GUMBOS are termed nanoGUMBOS and have been recently studied as candidates for photovoltaics, 2,3 biomedical imaging, 4 and molecular sensing. [5] [6] [7] Previously, we have reported on ultrafast excited-state dynamics of colloidal crystalline ruthenium bipyridine-bis(pentafluoroethylsulfonyl) imide ([Ru(bipy) 3 ]- [BETI] 2 ) that show spectral shifts and sizedependent relaxation dynamics. 3 These [Ru(bipy) 3 ]-[BETI] 2 nanoGUMBOS exhibit long-lived phonon oscillations with size-dependent frequencies that increase as the nanoparticle size increases due to very low coupling between electronic and phonon degrees of freedom and a strong hydrophobic interaction with the aqueous solvent. 3 spectroscopy of nanoGUMBOS has not been reported previously and provides fundamental insights into molecular-based nanomaterials that are important for developing biologically relevant nonlinear optical imaging applications. Triphenylmethane dyes such as malachite green (MG) and brilliant green (BG) have been widely studied for biological molecular labeling. 8, 9 Low fluorescence yields of MG and BG in solution are observed due to ultrafast nonradiative relaxation dynamics of the first excited singlet state as a result of strong coupling between electronic states and torsional degrees of freedom of the phenyl ring around the central carbon. [10] [11] [12] These "dark" molecules are capable of generating enhanced fluorescence signals when specifically bound to proteins or nucleic acids due to the molecular confinement of the phenyl ring. [13] [14] [15] [16] Several strategies have been employed to enhance near-infrared (NIR) emission of triphenylmethane dyes corresponding to the optical window in biological tissues for potential applications in non-invasive bio-imaging and bio-sensing. 17, 18 In this regard, the use of nanoGUMBOS chemistry can offer tunable photophysical properties due to the presence of bulky counterions which affect free rotation of phenyl rings around the central carbon and spectral red-shifting due to dye aggregation.
Second harmonic generation (SHG) and third harmonic generation (THG) are nonlinear optical processes where two or three photons of frequency ω add together coherently to generate a photon of frequency 2ω or 3ω, respectively. [19] [20] [21] Nonlinear optical harmonic generation and SHG, in particular, are of increasing interest for various applications including photonics, 22-24 materials chemistry, 25 biosensing, 26 and biomedical imaging. 27 Molecules and nanomaterials with enhanced SHG signals are useful probes for second harmonic generation microscopy and imaging. 28, 29 SHG microscopy is uniquely suited for biological imaging due to the narrow and stable nonlinear signal generated at the laser focus, the surface sensitivity of the spectroscopy, and the upconversion of NIR incident light to visible signals. 30, 31 Several triphenylmethane dyes, such as MG and BG, are useful as nonlinear optical probes for molecular adsorption and transport studies in colloidal nanoparticle samples. [32] [33] [34] [35] Recently, it was reported that triphenylmethane-based nanoparticles are excellent candidates for single particle tracking and bioimaging due to their enhanced fluorescence and second harmonic signal. [36] [37] [38] Molecular-based nanomaterials such as nanoGUMBOS offer a new route for designing nonlinear optical probes by combining the inherent molecular nonlinear susceptibilities with the ability to control the resulting nanoparticle size as well as molecular interactions and structural ordering.
In this manuscript, we report the synthesis, characterization, excited-state dynamics, and nonlinear optical spectroscopy of brilliant green-bis(pentafluoroethylsulfonyl)imide ([BG] [BETI]) nanoGUMBOS. These thermally stable colloidal nanomaterials exhibit enhanced NIR fluorescence as compared with the molecular dye in water. The examination of ultrafast spectroscopy data shows that the excited-state lifetimes of brilliant green in the nanoGUMBOS are significantly longer due to molecular hindrance. The longer lifetimes together with spectral red-shifting due to dye aggregation lead to the enhanced NIR fluorescence of the nanoGUM-BOS for potential applications in fluorescence labeling. Additionally, the nonlinear signals of the nanoGUMBOS samples are investigated. The SHG signal of the [BG] [BETI] nanoGUMBOS is enhanced approximately 23-fold as compared with the brilliant green molecular dye in water due to an increase in the effective second-order susceptibility tensor χ (2) of the nanoGUMBOS compared with the free dye. A THG signal is clearly observed from the colloidal nanoGUMBOS samples, while no THG signal is observed from the free dye in water at the same concentration. These results demonstrate that [BG] [BETI] nanoGUMBOS are promising candidates for biological labeling, sensing, and nonlinear optical imaging applications.
EXPERIMENTAL SECTION

Synthesis and characterization
Brilliant green (BG.HSO 4 ) and lithium bis(pentafluoroethylsulfonyl)imide (LiBETI) were purchased from Sigma Aldrich and Iolitech, respectively, and used as received. Ethanol (EtOH) was purchased from OmniSolv. Triply deionized ultrapure distilled water (18.2 MΩ cm) is used for all ion exchange reactions, sample preparations, and spectroscopic measurements. The molecular structures of BG and BETI are shown in Fig. 1 .
A metathesis approach is first used to synthesize brilliant green GUMBOS. In this regard, 0. [BETI] ethanolic solution is dissolved in a vial containing 5 ml of deionized distilled ultrapure water in an ice bath, followed by 5 min of probe sonication using 25% power. A probe sonicator (model VCX 133 750, Sonics and Materials, Inc.) with a 6.5 mm tapered microtip is employed for nanoparticle preparations.
The [BG] [BETI] nanoGUMBOS sample is characterized using transmission electron microscopy (TEM), extinction spectroscopy, and fluorescence spectroscopy. A survey of more than one hundred TEM images is used to determine the average nanoGUMBOS diameter to be 30 ± 5 nm. A representative TEM image of the nanoGUMBOS is shown in Fig calorimetry, NMR measurements, and mass spectrometry are described in the supplementary material.
Nonlinear spectroscopy
The nonlinear spectroscopy setup is composed of an ultrafast laser system, an optical setup, and a high-sensitivity charge-coupled device (CCD) spectroscopy detector. 39, 40 Briefly, a titanium:sapphire oscillator laser produces 75 fs pulses centered at 800 nm with a repetition rate of 80 MHz and an average power of 2.7 W, which is attenuated to 900 mW for the nonlinear spectroscopic measurements. A 20 mm focal length lens is used to focus the laser beam into a 1 cm quartz cuvette containing the colloidal nanoGUMBOS sample. An optical filter is placed in front of the cuvette to remove any residual SHG or THG light prior to the sample. Another filter is placed after the sample to remove fundamental light while transmitting SHG and THG signals, which are collected in the forward direction and refocused to a monochromator connected to a high-sensitivity spectroscopy CCD detector.
Transient absorption spectroscopy
The transient absorption spectroscopy setup has been previously described. 3, 41, 42 Briefly, an amplified titanium:sapphire laser system produces 0.7 mJ, 75 fs pulses centered at 800 nm with a repetition rate of 10 kHz. A beam splitter is used to separate the pump and probe pulses, and a retroreflector on a computer-controlled translation stage is used to control the pump-probe temporal delay. The pump beam is passed through an optical parametric amplifier (OPA) to generate the 400 nm laser pulses. The probe beam is passed through a nonlinear crystal, β-barium borate (BBO), to generate the second harmonic signal centered at 400 nm through frequency doubling. The 400 nm beam and the residual 800 nm beam are focused into a fused quartz flow cell containing water to generate the femtosecond white light probe pulses that are refocused to a spatial overlap with the pump pulse at the sample, which is contained in a 3 mm fused quartz flow cell. Spectra are acquired from 400 to 1000 nm using a fiber optic spectrometer detector. A computercontrolled beam block is used in synchronization with an automated file saving program to generate transient absorption spectra (∆A). Several time-resolved spectral scans are acquired for each sample in order to generate reliable statistical analysis. . The absorption peaks near 420 nm and 620 nm correspond to S 0 to S 2 and S 0 to S 1 transitions, respectively. 10, 12, 18, 43 The extinction spectrum of the nanoGUMBOS closely follows the corresponding dye spectrum over the wavelength range of 300 nm-550 nm. The higher extinction of the nanoGUMBOS below 300 nm is due to increased scattering by these colloidal nanoparticles. 18 The extinction spectral deviations between the nanoGUMBOS and the BG dye from 550 nm to 800 nm are attributed to dye aggregation and different chemical environments in the amorphous nanoGUMBOS nanoparticle. The fluorescence spectra of brilliant green dye and [BG] [BETI] nanoGUMBOS using 420 nm excitation are shown in Fig. 3(b) . The fluorescence spectrum of the nanoGUMBOS closely resembles the spectrum of the BG dye in the wavelength region of 450 nm-650 nm. However significantly enhanced NIR fluorescence centered around 740 nm is observed in nanoGUMBOS. The NIR fluorescence peak is approximately 6 times larger in the nanoGUMBOS as compared with the BG dye, which has a much weaker fluorescence peak centered around 670 nm. The fluorescence signal of the BG dye from 500 nm to 600 nm is attributed to S 2 to S 0 emission, while the fluorescence signal from 620 nm to 750 nm is attributed to S 1 to S 0 emission. 11 This observation suggests that the S 2 to S 0 emission peak is comparable in the BG dye and [BG] [BETI] nanoGUMBOS, whereas significance enhancement in the S 1 to S 0 NIR emission peak is observed in the [BG] [BETI] nanoGUMBOS sample in comparison with the BG parent dye. The observed NIR fluorescence enhancement is attributed to molecular confinement and is consistent with previous studies on triphenylmethane structures specifically bound to proteins or nucleic acids and malachite green based nanoparticles. [13] [14] [15] [16] 18 The red-shifting of the fluorescence and absorption bands suggests the formation of J-aggregates in the nanoGUMBOS.
RESULTS AND DISCUSSION
Ultrafast transient absorption is used to investigate the excited-state dynamics of the [BG]
[BETI] nanoGUMBOS in order to understand the mechanism of the enhanced NIR fluorescence. For direct comparison, the excited-state dynamics of the BG dye in water is first investigated. Figure 4 (a) shows representative transient absorption spectra of the 10 µM brilliant green dye in water at different time delays using 400 nm excitation. The positive band centered at 480 nm is from excited-state absorption. The negative bands centered at 580 nm and 650 nm are attributed to the bleach of the S 0 -S 1 absorption as well as stimulated emission. 10 The time-profiles of the brilliant green parent dye measured at 480 and 580 nm are shown in Fig. 4(b) . The decay spectra obtained from global analysis 10, 42 of the transient absorption time-profiles of the brilliant green dye in water are shown in Fig. 4(c) , based on fitting the wavelengthdependent dynamics to sums of multiple exponential decays. Three lifetimes τ 1 = 0.63 ± 0.03 ps, τ 2 = 0.82 ± 0.04 ps, and τ 3 = 3.18 ± 0.07 ps are needed to accurately describe the ultrafast excited-state dynamics of brilliant green in water. The results of dynamics and corresponding spectra obtained for the brilliant green parent dye are in agreement with previously published measurements, noting the similarities in the excitedstate relaxation dynamics of BG and MG. [10] [11] [12] Previous work on MG showed very similar lifetimes and transient absorption spectra when exciting with 615 nm and 400 nm. 10 Additionally, the same ultrafast relaxation mechanism was observed for BG and MG in viscosity-dependent solvent mixtures under 615 nm excitation. 12 However, detailed transient absorption spectroscopy studies have not been previously conducted on BG using 400 nm excitation, to the best of our knowledge. The transient absorption decay spectra of BG measured here with 400 nm excitation are very similar to previous studies using 615 nm excitation. 12 The fastest lifetime τ 1 is attributed to the ultrafast relaxation of the Frank-Condon S 2 state to the structurally relaxed S 1 state through a conical intersection. 11, 12 The second two lifetimes τ 2 and τ 3 are ascribed to the torsional twist and twist-back, respectively, of phenyl rings around the central carbon in the S 1 to S 0 nonradiative relaxation through an S x twisted propeller-like conformer of the excited ground state. 10, 12 The spectra obtained from global analysis have positive and negative peaks near the S 0 -S 1 and S 0 -S 2 absorption transitions, with the spectrum associated with τ 1 having approximately opposite magnitudes compared to the spectra associated with τ 2 and τ 3 . This suggests that these excited states and corresponding depleted states have spectra that are dominated by increases and decreases in these optical transitions. These nonradiative pathways are in competition with the simultaneous radiative relaxation from the S 2 and S 1 excited states to the S 0 ground state, 11 so increases in the lifetimes will lead to corresponding increases in the fluorescence.
Excited-state dynamics of colloidal [BG] [BETI] nanoGUMBOS in water are measured and compared with the corresponding dynamics of the brilliant green dye in order to understand the effect of the altered chemical environment. to hindrance of the torsional dynamics of the phenyl rings, leading to enhanced fluorescence from the S 1 state. 12 A similar effect is observed in nanoGUMBOS, where both τ 2 and τ 3 are slower in the BG nanoparticle than in the BG solution due to torsional restraint of the phenyl rings. However, the changes in lifetime are not due to viscosity of the medium but rather the aggregation and altered chemical environment of the BG dye in nanoGUMBOS. Interestingly, τ 1 is slightly faster in nanoGUMBOS, possibly due to changes in the BG structure and corresponding ultrafast relaxation from S 2 to S 1 in nanoGUMBOS. A red-shift in the transient absorption spectra of the [BG] [BETI] nanoGUMBOS is observed as compared with the BG dye, both in the depletion and excitedstate absorption signals as well as the corresponding global analysis decay spectra. These red shifts are attributed to dye aggregation and different chemical environments of the BG molecule in the nanoGUMBOS form in colloidal suspension in water. 46 Together, these results demonstrate that steric hindrance of the phenyl ring, increased lifetimes of τ 2 and τ 3 , and red-shifting of the S 1 to S 0 transition leads to the observation of enhanced NIR fluorescence of the [BG] [BETI] nanoGUMBOS as compared with the BG molecular dye.
In a related investigation, nonlinear spectroscopic signals from second harmonic generation and third harmonic generation of the [BG] [BETI] nanoGUMBOS in water are recorded and compared with corresponding signals acquired from the BG dye in water at the same concentration. These results are further compared with 35 ± 3 nm colloidal gold nanospheres at the same gold concentration. Colloidal gold nanoparticle samples have been extensively studied using second harmonic generation measurements, providing a useful benchmark for the SHG results. 19, 40, [47] [48] [49] More details on the colloidal gold nanoparticle sample are included in supplementary material. The enhanced SHG signal of the nanoGUMBOS as compared with the molecular dye is caused by a larger effective χ (2) . 50, 51 The BG molecule exhibits a two-photon resonance near 400 nm, while the gold plasmon resonance peak is near 530 nm. The SHG signal from the molecular dye dissolved in water is due to incoherent hyper-Rayleigh scattering (HRS), where the SHG signal is proportional to the molecular concentration. [52] [53] [54] [55] [56] [57] [58] Enhanced SHG from the nanoGUMBOS as compared with the molecular dye is attributed primarily to the increased size. To a first approximation, the SHG signal is expected to scale as the radius to the sixth power for small nanoparticles, 51, 59 although many other factors are important including the molecular nonlinear susceptibilities and angular scattering distributions. While SHG is a coherent process for a single nanoparticle, the measured SHG signal from a colloidal nanoparticle sample is an incoherent sum of the nanoparticles in the laser focus such that the total SHG signal is linearly proportional to the nanoparticle concentration. 50, 51, [56] [57] [58] The nanoGUMBOS also have a higher extinction at 800 nm as compared with the BG molecule and the gold nanospheres, causing some single-photon resonance enhancement in the nonlinear spectroscopy. Local ordering of the BG molecules in the nanoGUMBOS due to aggregation and π-π stacking may also occur causing orientations that are not isotropically distributed, leading to an additional source of increased SHG signals. Additional measurements are needed to quantify the SHG signal per nanoparticle for the nanoGUMBOS sample, although estimates based on the nanoparticle material densities indicate that the gold nanoparticles have a higher SHG signal per nanoparticle. Unlike the gold nanospheres and the BG dye in water, a THG signal can be clearly observed from the colloidal nanoGUMBOS sample. The enhanced THG is attributed to an increased χ (3) as well as the enhanced SHG coherently adding with the fundamental through sum-frequency generation with ω + 2ω = 3ω, although more work is needed to better understand the details of these enhanced nonlinear optical processes. 23, 60 Additional research is also needed to investigate the sizedependence of nonlinear optical signals from nanoGUMBOS for designing and optimizing potential nonlinear optical probes.
CONCLUSION
Synthesis, characterization, excited-state dynamics, and nonlinear spectroscopy of 30 nm colloidal [BG] [BETI] nanoGUMBOS in water are studied and reported. The [BG] [BETI] nanoGUMBOS sample exhibits enhanced fluorescence emission in the NIR region. This enhanced fluorescence emission, longer S 1 excited-state lifetimes, and a red-shifted S 1 to S 0 transition of the brilliant green molecule in the nanoGUMBOS medium as compared with the molecular dye in water is attributed to molecular hindrance, aggregation, and an altered chemical environment. The [BG] [BETI] nanoGUMBOS also show enhanced second harmonic generation and third harmonic generation signals as compared with the molecular dye and colloidal gold nanospheres in water due to very large effective nonlinear susceptibilities. The results from the study of these novel molecular-based nanomaterials demonstrate that [BG] [BETI] nanoGUMBOS are excellent candidates for sensing, imaging, and labeling applications in biological systems.
SUPPLEMENTARY MATERIAL
See supplementary material for additional details on the characterization of the GUMBOS, the nanoGUMBOS, and the gold nanospheres, as well as on the instrumentation. 
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